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Abstract 
 
The animal’s ability to recognise and differentiate between familiar and unfamiliar conspecifics, plays a crucial role in their 
social behaviour. To study the neural mechanisms underlying individual recognition, the expression patterns of the Immediate 
Early Genes c-Fos, Egr.1, and Arc were investigated immunocytochemically in the brains of socially stimulated rats. Juvenile 
stimulated rats showed a significantly increased expression of c-Fos, Egr.1, and Arc in the accessory olfactory bulb in 
comparison with the control and carvone stimulated groups. Also, in the anterior AOB, more cells were activated than in the 
posterior AOB.  
© 2011 Published by Elsevier Ltd. 
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1. Introduction  
 
Many animals live in social groups. Animal’s social interactions require them to be able to identify and 
remember the identity, sex and social status of their conspecifics. Olfactory signals regulate social behaviours in a 
large variety of animals. Rodents rely on olfaction for identification of individuals, social interactions, and 
reproduction (Restrepo, Arellano, Oliva, Schaefer, & Lin, 2004). Individual recognition is perhaps the earliest stage 
in the process of developing social relations. It is crucial for reproduction and species survival (Winslow & Insel, 
2004). Individual recognition can be defined as the ability of an animal to recognize and differentiate between two 
and/or more familiar or unfamiliar conspecifics.  
The sense of smell is of critical importance to most animals for communication. Animals use two distinct systems 
to detect and convey olfactory signals: the main and the accessory olfactory system. In the main olfactory system, 
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receptor neurons in the olfactory region of the nasal cavity are activated by small, volatile molecules. All receptor 
neurons in the olfactory epithelium, which express the same receptor, project to a few, typically two, glomerula 
(Mombaerts, 1999) in the main olfactory bulb (MOB). In the MOB glomerula, incoming olfactory nerve fibbers 
synapse with apical dendrites of mitral and tufted cells.  
Many animals need to detect low-volatile odorants to properly communicate with conspecifics. These low-
volatile odorants are called pheromones. Pheromones convey species-specific information about gender, 
reproduction status, and social hierarchies (Halpern, 1987; Luo & Katz, 2004). The pheromonal receptive field, 
vomeronasal organ (VNO) neuroepithelium is subdivided into two morphologically and molecularly distinct 
compartments: the luminal (or apical) and the basal layer. Pheromone receptors in the apical layer belong to the V1 
receptor family, which uses Gi2 as transducers. Receptors of the V2R family are located in the basal layer and 
express Go proteins (Dulac & Axel, 1995; Matsunami & Buck, 1997). 
The incoming fibres from vomeronasal receptor neurons (Halpern, 1987), make synaptic contacts with the apical 
dendrites of mitral cells in the AOB. Vomeronasal nerve fibres remain segregated according to their origin from the 
apical or basal layers of the VNO. Fibres from apical layer receptor cells (Gi2-positive) target the anterior portion 
of the AOB and fibres from basal layer receptor cells (Go-positive) terminate in the posterior half of the AOB 
(Halpern, Shapiro, & Jia, 1995; Sugai, Sugitani, & Onoda, 2000).  
Various studies employing a wide variety of paradigms have been performed to investigate neuronal structures 
involved in different social behaviours. Nevertheless, the mechanisms underlying the basic recognition processes 
that enable an animal to recognise conspecifics have not been well characterised. In order to understand the process 
of social recognition in more cellular and molecular details, we aimed to determine the neural systems primarily 
involved in the process of individual recognition.  
2. Method 
The social recognition experiments were performed by Prof. Mario Engelmann in Magdeburg. Adult (4 months 
old, 350-400 g) male Wistar rats (Charles River, Sulzfeld, Germany) were used (Engelmann, Wotjak, & Landgraf, 
1995). The animals were housed individually in transparent polycarbonate cages (39x24x16 cm) for at least 1 week 
prior to testing under controlled laboratory conditions with 12 h light/12 h dark rhythm and free access to food and 
water. Male, unfamiliar juveniles of the same rat strain (20-35 days old) were used as social stimuli. 
In the juvenile stimulated group (JS), a given juvenile was introduced into the home cage of the resident (n = 10) 
for 4 minutes in a normally illuminated quiet room. In carvone stimulation (CS), the subject rats (n = 5) were 
exposed to carvone odour for 4 minutes in a condition similar to the juvenile stimulation. In the control group (n = 
7), the rats were housed individually for 1 week and not treated at all. Two hours after the stimulation (social or 
carvone), the subjects were perfused. Slide-mounted sections were left in 70% ethanol overnight, rinsed in water, 
and stained with cresyl violet (0.2% cresyl violet acetate in 29 mM acetate buffer, pH 4.0) for 30 minutes at room 
temperature (RT). After rinsing in water, the sections were dehydrated and cover slipped.  
Freely floating sections were rinsed in 0.01 M phosphate buffered saline (PBS) at pH 7.4, treated for 15 minutes 
with 1% sodium borohydride in PBS to inactivate residual aldehyde groups, and thoroughly washed in PBS. 
Thereafter, the sections were pre-treated for 30 minutes in a blocking and permeabilising solution consisting of 10% 
normal goat serum (NGS; Interchem, Bad Kreuznach, Germany), 0.3% Triton X-100 (Serva, Heidelberg, Germany), 
and 0.05% phenylhydrazine (Merk, Darmstadt, Germany) in PBS at room temperature. Subsequently, the primary 
antibody was applied for 36 hours, diluted in PBS containing 10% NGS, 0.3% Triton X-100, 0.1% sodium acid, and 
0.1% thimerosal at 4°C. The sections were thoroughly rinsed in PBS, pre-treated for 1 hour with 0.2% bovine serum 
albumin in PBS (PBS-A), and exposed for another 24 hours to the secondary antibody (Table 1), diluted in PBS-A, 
0.3% Triton X-100, and 0.1% sodium acid at 4°C. After repeated washing in PBS and pre-incubation for 1 hour in 
PBS-A, the biotinylated secondary antibodies in the sections were complexed for another 12 hours with P-SA 
(1:20,000 dilution in PBS-A). After further thorough rinses in PBS, pre-incubation for 15 minutes in a solution of 
0.05% diaminobenzidine and 10 mM imidazole in 50 mM Tris buffer, pH 7.6, the visualisation of the antigen-
antibody complexes were started by adding 0.0015% hydrogen peroxide (25 µl of 0.03% hydrogen peroxide to 500 
µl solution) and stopped after 15 minutes at RT by repeated washing with PBS. The sections were mounted on 
gelatine-coated slides, air-dried for 30 minutes, dehydrated through a graded series of ethanol, transferred into 
xylene, and cover slipped with Entellan (Merk, Darmstadt, Germany).  
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Images of adjacent antibodies labelled and cresyl violet-stained sections were acquired with a digital camera 
(Camedia C4040, Olympus, Hamburg, Germany) mounted on a Leica LEITZ DMR microscope. Photographic 
images were optimised in brightness and context by using Adobe Photoshop CS 8.0. In cresyl violet-stained 
sections, the brain areas of interest were identified based on the location, morphological and cytoarchitectonical 
criteria according to Paxinos and Watson (1998, 2004). Accordingly, the nomenclature of Paxinos and Watson is 
used throughout this study to refer to anatomical structures of the rat brain. 
The identified areas on photographs of cresyl violet-stained sections were matched with photographs of adjacent 
sections stained with c-Fos, Go, Gi2, Egr.1, Arc or phosphorylated proteins and aminoacids. Afterwards the 
boundaries of each individual nucleus were drawn on each photomicrograph. The thresholds for detecting 
immunopositive cells for each IEG were manually defined by using ImageJ software. Then, all immunopositive 
cells in identified nuclei on each section were quantified. Nuclei which were only partially present in a section were 
excluded from the analysis. 
The effects of juvenile stimulation on gene expression/phosphorylation were compared within each cell layer as 
well as in the anterior and posterior subdivisions. After quantifying immunepositive cells in the anterior and 
posterior parts of the granule cell layer and mitral cell layer, the related areas were measured. The density of 
immunoreactivity in each area was measured. For the mitral and granule layers, data were analysed by a one-way 
ANOVA followed by the Scheffe’s multiple-comparison test. The anterior/posterior distribution of immunopositive 
cells in the AOB was analyzed by Student’s t-test. Differences were considered significant at p, 0.05. 
 























Arc Rabbit 1:1K B- GaR DAB D.Kuhl (Chowdhury, et al., 2006) 
C-Fos Rabbit 1:20K B-GaR DAB Oncogene (Taziaux, et al., 2006) 
Egr.1 Rabbit 1:2K B-GaR DAB Santa Cruz (Lai, Chen, & Johnston, 2004) 
DARPP-32 Mouse 1:5K B-HaM DAB BD Bioscience (Yan, et al., 1999) 
Gαi2 Rabbit 1:2K B-GaR DAB WACO (Shinohara, Asano, & Kato, 1992) 
GαO Rabbit 1:50K B-GaR DAB MBL via MoB (Kumar, Dudley, & Moss, 1999) 
Homer Rat 1:500 B-GaRat DAB Abcam, UK (Kammermeier, Xiao, Tu, Worley, & Ikeda, 2000) 
Jun-B Rabbit 11K B-GaR DAB Santa Cruz (Maki, Bos, Davis, Starbuck, & Vogt, 1987) 
Narp Rabbit 1:500 B-GaR DAB  (Reti, et al., 2008) 
pCREB Rabbit 1:200 B-GaR DAB Cell Signaling Technology (Gonzalez & Montminy, 1989) 
pSer Mouse 1:5K B-HaM DAB SIGMA (Hunter & Cooper, 1985) 
pThr Mouse 1:5K B-HaM DAB SIGMA (Hunter & Cooper, 1985) 
pTyr Mouse 1:2K B-HaM DAB SIGMA (Hunter & Cooper, 1985) 
 
3. Results  
 
The activation of neurons is accompanied by alterations in the genomic (expression of immediate early genes; 
IEGs) and proteomic (posttranslational modification of proteins) level, respectively. Consequently, the visualisation 
of these processes was used to map cells which were activated during the process of social recognition. 
Phosphorylation of proteins is a common response in activated neurons. It may be detected by visualising 
phosphorylated amino acids in proteins or by specific antibodies against selected phosphoproteins. Consequently, 
the mapping of activated cells or cell groups in different brain areas is preferentially achieved by the combined 
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detection of several IEGs. In the present report the phosphorylation of proteins in general (phosphorylation at serine, 
threonine, and tyrosine residues), selected phosphoproteins like phosphorylated CREB and phosphorylated DARPP-
32 and the expression of immediate early genes like Homer, Narp, c-Fos, Egr.1, and Arc have therefore been 
visualized. 
 But results revealed that morphological analysis of protein phosphorylation is no promising tool to follow 
neuronal activation during social interaction (data not shown). Therefore, the IEGs c-Fos, Egr.1, Arc, JUN-B, Fos-
B, Narp and Homer 1a were used for this purpose. Using a polyclonal antibody against Homer proteins 1a, 1b, and 
1c, only a few, weakly labelled Homer positive neurons were observed in the MOB and AOB of both the JS and 
control group of animals (data not shown). Thus, there was no difference between the expression patterns of Homer 
between the two groups. 
The expression pattern of Narp (data not shown) revealed no difference between the JS and the control group of 
animals. Furthermore, there was no difference in the Jun-B expression between the JS and the control group of rats. 
Immunolabelled neurons for Fos-B (data not shown) showed a similar expression pattern of Fos-B for both groups. 
However, neither of the expression patterns was specific to the social stimulation processing. Therefore, these 
patterns cannot be used for mapping neuronal activity in the relevant brain structures. 
  
Exposure of adult male rats to juvenile rats caused expression of c-Fos, Egr.1, and Arc in the accessory 
olfactory bulb. 
 
The expression patterns of three widely used IEG-encoded proteins, namely c-Fos, Egr.1, and Arc, were 
specifically altered when exposing rats to an unfamiliar juvenile. 
 
 
Fig 1. c-Fos expression in the accessory olfactory bulb of three groups of rats  
A. Cresyl violet staining. The sagittal section shows the different layers of the AOB. C-Fos in JS (B), CS (C), and 
Control (D). Scale bar 200µm 
 
In the juvenile stimulated rats, intense c-Fos-ir cells were observed in the mitral and granule cell layer of the 
AOB (Fig 1B) while the control group displayed only very few c-Fos immunoreactive cells in these areas (Fig 1D). 
To verify whether this neuronal activation was specifically caused by social (pheromonal) stimulation, c-Fos 
expression was investigated in another group of rats, the carvone stimulated (CS) group. Carvone stimulated rats 
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showed very rarely scattered c-Fos-ir neurons in the AOB (Fig 1C), which did not significantly differ from the 
control group. By contrast, c-Fos immunoreactive cells were frequently observed in the MOB of CS rats (data not 
shown).  
 
Fig 2. c-Fos expression in the AOB of three groups of rats
Average numbers of c-Fos positive cells in the AOB of JS, CS and control group are shown in diagram. **: p = 
0.01, ***: p = 0.001. 
 
The quantification of immunoreactive cells and subsequent statistical analysis (Fig 2A) showed significantly more c-
Fos expression in the AOB of juvenile stimulated animals compared with control (p < 0.001) and carvone stimulated 
groups (p < 0.001). In the JS group, both mitral and granule cell layers displayed numerous c-Fos-ir cells.  
 
 
Fig 3. Expression of Egr.1 in the AOB of three groups of rats  
Juvenile stimulation caused a high expression of Egr.1 protein in the AOB (A) while in the control group or in CS 
animals no similar effect was observed (B and C). Higher magnification images of the Gr. in A-C are shown in D-F. 
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Only few Egr.1-ir neurons were detected in the AOB of control rats (B and E). A few very weakly labelled neurons 
were observed in the AOB of CS rats. Scale bar 200 µm in A, 100 µm in D.      
   
Juvenile stimulation furthermore resulted in an increased expression of Egr.1 selectively in the Gr. of the accessory 
olfactory bulb while the AOB of other groups of rats displayed only a few scattered Egr.1-ir neurons (Fig 3). A 
similar expression pattern was observed for Arc in the AOB of JS rats (Fig 4). In contrast to the control and CS 
groups, in JS rats many Arc-ir neurons in the granule cell Gr. of the AOB were evident. While c-Fos-ir cells were 
observed in granule and mitral cell layers, the expression of Egr.1 and Arc was restricted to the Gr. (Fig 5). 
 
Fig 4. Arc expression in the accessory olfactory bulb of three groups of rats 
Juvenile stimulation induced Arc protein in the AOB (B) while in the control group (C) or carvone stimulated 
animals (D) there was no evidence of Arc expression in the AOB. Scale bar 200 µm. 
To study the different patterns of neuronal activation in the anterior and posterior parts of the AOB in the JS 
group, these two parts were distinguished by immunohistochemical labelling of adjacent sections with antibodies 
against the G protein:  subunits Gi2 to identify the anterior part of the AOB, and Go to detect the posterior part.  
 
Fig 5. Anterior-posterior distribution patterns of C-Fos, Arc, and Egr.1 immunoreactivity in the AOB of JS rats  
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The anterior part of the AOB is indicated by an asterisk in the Gi2 immunostained sagittal section (A). Sections 
immunolabelled with antibodies against c-Fos, Arc, and Egr.1 are shown in B, C, and D respectively. Although c-
Fos-ir cells were observed in both mitral cell layers, the majority of c-Fos-ir cells were observed in the anterior 
portion of the granule cell layer of the AOB. Arc and Egr.1 immunopositive cells were also concentrated in the 
anterior part of the AOB, but were restricted to the granule cell layer. Scale bar 200µm.
Fig 6. Quantification of c-Fos immunoreactive cells in the anterior and posterior parts of the AOB  
The anterior part of the AOB can easily be recognised in the immunostained sagittal section with antibody against 
Gi2 (A). The adjacent section is immunolabelled with antibody against c-Fos (B). The anterior/posterior parts of 
the image of the Gi2 stained section was detected. Then, by merging it with the image of the c-Fos labelled 
section, the anterior/posterior parts of the AOB were distinguished in the c-Fos section (C). Subsequently, the c-Fos-
ir cells in the two parts were quantified and analysed 
 
The photomicrographs in Fig 6 show examples suggesting an uneven distribution of c-Fos immunolabelled cells in 
the anterior and posterior parts of the AOB after the rats had been exposed to a juvenile stimulus. Cells 
immunoreactive to c-Fos, Egr.1, and/or Arc seemed to be more abundant in the anterior part of the AOB than in the 
posterior part. To analyse different patterns of neuronal activation in the two parts of the AOB in the JS rats, c-Fos-ir 
cells in these two parts were quantified.  
The c-Fos-ir cells in the anterior/posterior parts of the mitral and granule cell layers of each section were analysed. 
Statistical analysis showed a significant increase (t = 2.87, df = 34, p = 0.007) in the c-Fos-ir cells in the anterior part 
of the AOB. In the mitral cell layer, 60% of the quantified c-Fos-ir cells were observed in the anterior part of the 
AOB and the rest were observed in the posterior part. Similarly, in the granule cell layer, 65% of the c-Fos-ir cells 
were quantified in the anterior AOB. On average, 64% of the immunoreactive cells were observed in the anterior 
part of the AOB. Differences in the number and density of c-Fos immunoreactivity between the anterior and 
posterior parts of the AOB were confirmed by a one-way ANOVA followed by Scheffe’s multiple comparison test (F 
= 13.775, df = 3,100, p < 0.001).  
In summary, the results indicate a significant increase in the IEG expression in the AOB of the JS rats, and a 
preferential neuronal activation in the anterior part of the AOB. Additionally, the expression of Arc and Egr.1 also 
showed a tendency to localize preferentially in the anterior part of the AOB.  
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4. Discussion 
The AOB of JS rats showed considerably increased numbers of cells immunoreactive to the neural activity 
markers c-Fos, Egr.1, and Arc when compared to control and CS rats. This finding is consistent with previous 
experiments showing the induction of c-Fos in the AOB of mice exposed to soiled bedding from intact mice of the 
opposite sex (Dudley & Moss, 1999; Halem, Cherry, & Baum, 1999). Furthermore, male Wistar rat urine activates 
cells in the mitral cell layer of the female AOB (Inamura, Kashiwayanagi, & Kurihara, 1999). According to our 
data, the selective neural activation in the AOB of the JS group compared to the control group supports the 
hypothesis that this area is involved in the process of individual recognition. In contrast to the CS group, which 
showed an increased number of cells immunopositive to c-Fos in the main olfactory bulb and only few c-Fos 
immunoreactivity cells in the AOB, the JS rats showed few c-Fos immunoreactivity cells in the MOB and numerous 
immunoreactive cells in the AOB. These findings strengthen the hypothesis that the individuality signals in the 
social recognition are of pheromonal nature. In conclusion, our results regarding the neuronal activation in the AOB 
are in agreement with previous findings concerning IEG expression and neuropharmacological studies (Dluzen, 
Muraoka, Engelmann, Ebner, & Landgraf, 2000; Ferguson et al., 2000). These data suggest that the AOB is 
involved in the processing of individual recognition in the rat.  
 Arc expression in the JS AOB 
A marked increase in the number of Arc-ir cells was observed in the AOB of the JS rats. By contrast, only a few 
Arc-ir cells were observed in the AOB of the control and even CS rats. However, in the AOB of the JS group Arc-
immunopositive cells were restricted to the granule cell layer. This expression pattern was different from that of c-
Fos immunoreactivity cells, which were observed in the M., Gr and even in the Gl. layer of the AOB. Furthermore, 
Arc immunoreactivity was observed in both cell bodies and in dendrites. This result is in accordance with the 
increased number of Arc-ir cells observed only in the granule cell layer of the accessory olfactory bulb after mating 
in male rats (Matsuoka et al., 2002) and female mice (Matsuoka et al., 2003).  
While the apical dendrites of mitral cells in the glomerular layer of the AOB form synaptic connections with 
axons from sensory cells in the VNO (Matsuoka, Mori, Hoshino, & Ichikawa, 1994), the basal dendrites of the 
mitral cells form bi-directional dendro-dendritic synapses with granule cells in the granule cell layer (Brennan, 
Kaba, & Keverne, 1990; Matsuoka, Mori, & Ichikawa, 1998). The granule cells also receive centrifugal projections 
from the posteromedial cortical amygdaloid area (PMCo), an AOB target (Martinez-Marcos & Halpern, 1999). 
Accordingly, the pheromonal memory formation during mating is accomplished by the postsynaptic modification of 
excitatory synapses between mitral and granule cells (Matsuoka, Kaba, Mori, & Ichikawa, 1997).  
In contrast to the classical immediate early gene products, Arc is observed not only in the nuclei but also in the 
cell bodies and dendrites. The Arc protein directly influences synaptic functions rather than regulating transcriptions 
like c-Fos. Arc expression reaches its peak at 1.5-2 hours, but remains high until 7-8 hours and reaches its base line 
after 10-12 hours (Matsuoka et al., 2003). Arc regulates AMPA receptor trafficking (Tzingounis & Nicoll, 2006). 
Thus, it could be speculated that Arc may play an important role in neuronal plasticity in the AOB. The restriction of 
Arc-ir cells to the granule cell layer suggests the importance of this circuit and the site of neural plasticity in the 
mitral/granular synapses.
Egr.1 activation may constitute a critical mechanism for the encoding of long-lasting memories. In LTP two 
important steps are critical: the activation of protein kinases and of constitutively expressed transcription factors, 
and shortly after, the expression of a class of IEGs encoding regulatory transcription factors. As a regulatory 
transcription factor, Egr.1 interacts with promoter regulatory elements of a host of downstream effector genes. The 
increase in Egr.1 protein following the induction of LTP is associated with increased binding of the protein to its 
response element (Williams et al., 2000), indicating the functional activation of downstream genes containing Egr.1 
response elements. The expression of Egr.1 is necessary for the stabilisation of the later phase of long-term 
potentiation (Abraham et al., 1993). 
 
Anterior and posterior parts of the accessory olfactory bulb displayed differential patterns of neuronal 
activity in the juvenile stimulated group 
 
Exposing male mice to soiled bedding from female mice has resulted in the expression of c-Fos in the anterior 
AOB, fivefold more than in the posterior AOB (Norlin, Gussing, & Berghard, 2003). In agreement with these 
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results, the JS rats showed more c-Fos-immunoreactive cells in the anterior part of the AOB than in the posterior 
part. Similar distribution patterns in the anterior AOB were observed for Arc and Egr.1. These findings strengthen 
the hypothesis that the two subdivisions of the AOB may play different roles in the individual recognition paradigm. 
The results suggest a predominant activation of receptor cells located in the apical layer of the vomeronasal 
epithelium. This neuronal activation is associated with pheromones detected mostly by V1R receptors, and therefore 
an important role of V1R receptor cells and a preferential involvement of the anterior part of the AOB in social 
recognition. The segregated projections from the anterior and posterior parts of the AOB in the rat (Mohedano-
Moriano et al., 2007) and differential patterns of c-Fos induction in these two parts both suggest a role for the 
anterior AOB in social recognition processing. 
 
5. Conclusion  
  
The data presented here indicate an activation of the AOB, especially the anterior part, by social stimulation. 
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